In the course of work which has suggested that adenosine triphosphate is concerned in the accumulation of biologically active amines by platelets (Born, Ingram & Stacey, 1956; Born & Hornykiewicz, 1957; Born & Gillson, 1957) it was observed that, when platelet-rich plasma clots, adenosine triphosphate rapidly disappears from the platelets. This paper reports these experiments and others made to determine what happens during clotting to the phosphate groups of adenosine triphosphate and to other phosphate compounds which are present in plasmna and in platelets. Some of the results have been published in preliminary form (Born, 1956a (Born, , b, 1957 . METHODS All glassware used in the isolation of rabbit and human platelets was coated with silicone MS 1107 (Hopkin and Williams Ltd.). When pig platelets were used this was not always done, because pig platelets have little tendency to clump even when in contact with glass.
Blood samples. Pig blood was obtained in the slaughter house. Immediately after the pig was electrically stunned, the throat was slit and venous blood was collected in a polythene container immersed in ice. Rabbit blood was obtained by cardiac puncture. Human blood was obtained by venepuncture. Blood samples were mixed with sodium citrate (final conen. 13 mm) to prevent clotting.
Platelets were isolated at 0-2o. Blood was centrifuged at SOOg for 15-20 min. and supernatant plasma was colleeted. This was called platelet-rich plasma and a sample of it was used for counting platelets. When plasma had to be freed from platelets, small amounts were centrifuged at 25 000g for 5 min. and large amounts at 6000 g for 20 min. Most platelet sediments were almost free of erythrocytes and leucocytes (less than one leucocyte/104 platelets). To clot plasma it was incubated at 370 in glass centrifuge tubes, which were not treated with silicone, and CaCl2 was added to give a concn. of 10-25 mm. To separate a clot from the serum, the clot was squeezed to the bottom of the centrifuge tube with a glass rod, and the tube was then centrifuged as described for sedimenting platelets. Very little serum remained in the clot.
Samples of plasma with and without platelets, separated platelets, serum and clot, were extracted first with aqueous trichloroacetic acid for acid-soluble compounds of phosphorus and then with chloroform-methanol for lipid phosphorus; the residue which remained was analysed for total phosphorus. Determination of phosphorus. Phosphorus was determined in all fractions by the method of Berenblum & Chain (1938) . The details of the procedure were as follows:
Acid-soluble phosphorus was extracted at 0-2'. Ice-cold trichloroacetic acid was added to the sample to a final conen. of 10% (w/v). The sample was dispersed in a glass homogenizer and centrifuged at 3000g for 5 min. The clear supernatant was transferred to another test tube. The precipitate was dispersed in more acid, centrifuged again and the supernatant solution added to the first. The solution was extracted four times with an equal volume of icecold ether to remove the trichloroacetic acid. The ether was removed by bubbling nitrogen through the solution, which was then frozen at -100 until samples were analysed for inorganic phosphorus, 10 min. phosphorus, adenosine triphosphate (ATP) and total acid-soluble phosphorus, as follows:
Inorganic phosphorus was estimated by adding a sample directly to the acid molybdate reagent of Berenblum & Chain. 10 min. phosphorus was the phosphorus set free by hydrolysis in N-HCI at 1000 in 10 min.
ATP was determined by the firefly-luminescence reaction (Strehler & Totter, 1954) . Extracts of plasma and serum inhibited the luminescence; therefore internal standards were used when ATP in plasma and serum was determined.
Total acid-soluble phosphorus was determined in a sample which had been digested in a micro-Kjeldahl flask for 30 min.-1 hr. with 0-25 ml. of conc. H2SO4, 2 ml. of water and 2 ml. of H202 (30%, w/v).
Lipid phosphorus was extracted from the trichloroacetic acid precipitate. The precipitate was washed twice with water and dried in a vacuum over P20,. It was then extracted twice with chloroform-methanol (2:1, v/v) according to Folch, Ascoli, Lees, Meath & LeBaron (1951) .
Samples of the extract were evaporated almost to dryness, digested (see above) and analysed for phosphorus, giving lipid phosphorus.
The residue which was left after acid-soluble phosphorus and lipid phosphorus had been extracted was resuspended in water. Samples of the suspension were digested and analysed for phosphorus to give residue phosphorus.
Protein nitrogen. This was determined by the microKjeldahl method.
5-Hydroxytryptamine. This was extracted from platelets as described by Hardisty & Stacey (1955) and determined by asay on the isolated rat uterus, in oestrus, in a 2 ml. bath.
RESULTS

Concentrations of adenosine triphosphate in platelets
Platelets were found to contain ATP in high concentrations. Results are set out in Table 1 , which includes figures, obtained by the same and by other methods, for the concentrations of ATP in other tissues to permit comparisons to be made. Table 1 shows that platelets contain a higher concentration of ATP than all other tissues so far examined, except adrenal medulla and mammalian striated muscle. The concentration is about equal to that in such muscle, and it is higher than that found in the mitochondria of heart muscle and of liver.
Distribution of phosphorus in platelets
The distribution of phosphorus in platelets is shown in Table 2 . The platelets were extracted first with aqueous trichloroacetic acid and then with chloroform-methanol as described under Methods, and extracts and residue were analysed for phosphorus.
In human platelets, ATP phosphorus represented about 56 % of total phosphorus soluble in acid. In one experiment with pig platelets the percentage was as high as 78 %. Acid-soluble phosphoruis represented about one-half and lipid phosphorus about one-third, of the total phosphorus in the platelets. There were 5-6 x 1010 pig platelets/g. (moist wt.) (see also Fantl & Ward, 1956) , and the dry weight was one-fifth of the moist weight. On the assumption that phosphorus makes up 4 % of the weight of lipids extracted by chloroformmethanol, dry platelets contained 6-7 % of phospholipid; Erickson, Williams, Avrin & Lee (1939) found 12 % in human platelets.
Breakdown of adenosine triphosphate during clotting When blood clots, platelets release 5-hydroxytryptamine into the serum (Rand & Reid, 1951; Zucker & Borrelli, 1955) . This release does not depend on the formation of the fibrin clot (Hardisty & Pinniger, 1956) . In view of the possibility that in platelets 5-hydroxytryptamine is associated with ATP ; Born & Gillson, 1957) it was of interest to determine whether ATP was also released from platelets during clotting.
Citrated human plasma was divided into two portions. The platelets were removed from one by centrifuging it at 25 000 g for 20 min. at 0-1°. Calcium was added to both and they were incubated at 370 for 1 hr. The clots were separated from I958 696 the sera and the amounts of 5-hydroxytryptamine andATP were determined in platelets, clots and sera. Normal platelets contain much m:ore ATP than adenosine diphosphate (ADP). The . value for 10 miin. phosphorus in trichloroacetic acid extracts of platelets measures mostly ATP. In the experiment referred to, the amount of ATP which had broken down was 0-32 umole, and the-amount of 10 min. phosphorus which had disappeared was 0-51 ,ug. atom. This suggested that ATP had lost more than the terminal phosphorus atom.
The next series of four experiments was made to determine how rapidly ATP disappeared from the platelets after clotting was induced. One of these experiments was as follows:
Human plasma (2.5 ml.) containing 4-12 x 108 platelets/ml. was incubated in a water bath at 370 with 0-06 ml. of m-CaCl2 to start the clotting process. The sample was immediately cooled in ice and centrifuged at 25 000 g for 5 min. at 0-1O. Other 2-5 ml. samples were incubated with CaC12 in the same way. Clotting became visible after about 2 min. Different samples were rapidly cooled and centrifuged after 2*5, 5, 10, 20 and 30 min. The sediments, consisting of clot and platelet material, were extracted with trichloroacetic acid as already described. Two control samples were incubated at 370 without added CaCl2. They did not clot. After 20 and 30 min. they were centrifuged and the sediments of platelets were extracted.
In unclotted plasma the concentrations of ATP, 10 mm. phosphorus and inorganic phosphorus in the platelets remained practically constant. In clotting plasma, onthe other hand, during the firt 10 min. there was a rapid decrease in the concentration of ATP in the platelets. After that the rate of disappearance of ATP slowed down. This is shown in Fig. 1 , which also shows that all the 5-hydroxytryptamine originally present in the platelets was 8PEHOSPHORUS IN CLOTTING PLASMA released into the serum during the time in which ATP disappeared most rapidly from the platelets. Table 4 shows the changes that occurred in ATP, 10 min. phosphorus, and inorganic phosphorus. The decrease in the concentration of ATP was accompanied by a disappearance of 10 min. phosphorus, only part of which was accounted for by an increase of inorganic phosphorus. The difference, which up to the tenth minute represented almost exactly 2 moles of phosphate for each mole of ATP broken down, disappeared from the trichloroacetic acid extracts. This suggested the possibility that during clotting phosphorus was transferred from ATP in the platelets to another component of the platelets or to the plasma. After 20 and 30 mim. an increasing proportion of the 10 min. phosphorus which disappeared could be accounted for as inorganic phosphorus. After 30 min. the increase in inorganic phosphorus was almost as much as the decrease in 10 min. phosphorus. Table 5 shows that inorganic phosphorus which was associated with the clot also increased when plasma clotted in the absence of platelets. The source of this inorganic phosphorus was presumably the inorganic phosphorus present in the plasma.
Redistribution of inorganic phosphorus and 10 min.
phosphorus between platelets and plama during clotting The next step was to find out whether the 10 min. phosphorus which could not .be found in trichloroacetic acid extracts of a clot appeared in the acid extract of the serum from which the clot had been separated. In the serum it might appear either as 10 min. phosphorus or as inorganic phosphorus.
In order to be able to determine the small changes in inorganic phosphorus and 10 min. A sample of citrated human plasma (5 ml.), which contained 6 x 108 platelets/ml., was centrifuged to sediment the platelets. Platelets and plasna were extracted with trichloroacetic acid. Another sample of the same plasma (11.1 ml.) was dialysed for 21 hr. at 2-4°against 21. of a solution having the following composition (mm): NaCl, 119; KCI, 4-8; CaCl2, 2-6; MgSO4, 1-2; NaHCO3, 25; dextrose, 1*12; ethylenediaminetetra-acetate, 3-6; 02 + CO2 (95: 5) was bubbled through the solution, which had a pH of 7-5.
After dialysis the volume of the plasma was 11-4 ml. The changes which dialysis brought about in the concentrations of inorganic phosphorus and 10 min. phosphorus in the plasma are shown in Table 6 . The inorganic phosphorus was reduced to about one-twentieth of its original concentration, and material that behaved like 10 min. phosphorus in the plasma was reduced to about one-tenth. In the platelets variable amounts of 10 min. phosphorus disappeared while the amount of inorganic phosphorus in them increased slightly. After dialysis, there was about four times more 10 miin. phosphorus in the platelets than in the plasma.
A volume (5 ml.) of dialysed plasma was centrifuged. The sedimented platelets and the supernatant plasma were extracted with trichloroacetic acid. Dialysed plasma (6.3 ml.) was incubated at 370 with CaC12 for 30 min. The clot, which contained the platelets or their remnants, was separated from the serum and both were extracted with trichloroacetic acid. These extracts were analysed for inorganic phosphorus, 10 min. phosphorus, and ATP. A similar dialysis experiment was made with pig plasma containing 4-1 x 108 platelets/ml. The results of these two experiments are shown in Table 7 . In both experiments most of the 10 min. phosphorus disappeared from the platelets, but only a quarter or less was found in the serum. The concentration of inorganic phosphorus increased slightly in the platelets and considerably in the serum, and these increases accounted for a half or less of the 10 min. phosphorus lost by the platelets. Therefore a quarter to a third of the 10 min. phosphorus of the platelets remained unaccounted for. In one of the experiments 1-2 ,umg. atoms, and in the other exactly 2 ,umg. atoms, of 10 min. phosphorus disappeared for each 1km-mole of ATP which disappeared from the platelets. This again suggested that the disappearance of 10 min. phosphorus from the trichloroacetic acid extracts indicated the transfer of more than one but not more than two phosphate groups of platelet ATP to an unknown receptor substance.
Redistribution of phosphate in plama
clotting with and without platelets To discover where the 10 min. phosphorus which disappeared from platelets was going, 30 ml. of citrated human plasma, containing 4-2 x 108 platelets/ml., was dialysed for 24 hr. against the phosphate-free solution. Plasma (15 ml.) was then centrifuged to remove the platelets and the sedimented platelets were extracted with trichloroacetic acid, water and chloroform-methanol as described under Methods. Platelet-free plasma was made to clot with CaCl2 in one series of tubes and platelet-rich plasma in another, each tube containing 2-5 ml. of plasma. After 0, 4, 8, 16 and 32 min. the contents of one tube of each series were mixed with trichloroacetic acid and extracted in the same way as the platelets. Fig. 2 shows the changes in the amounts of phosphorus present in the different fractions. The most striking change was the increase in the amount of phosphorus found in the residue; this occurred only when platelets were present during clotting but not when they were absenLt. The in- nitrogen during clotting of plasma. The experiment is described in the text. Plasma free of platelets: 0, P in residue. Plasma rich in platelets: *, P, in residue; (3, N in residue; O, 10 min. P; C, P extracted by chloroform-methanol.
crease was maximal after 8-16 min. After 32 min. the residue had lost most of the extra phosphorus. The amount of nitrogen in the residue increased and decreased concurrently with the phosphorus. The concentration of 10 min. phosphorus decreased before and during the increase of phosphorus in the residue. The amount of lipid phosphorus also decreased, and together these decreases were almost equal to the increase in residue phos-700 PHOSPHORUS IN CLOTTING PLASMA phorus. There was a small increase in inorganic phosphorus which may have come from 10 min. phosphorus, although other sources were not excluded. None of these changes was found in the plasma which had clotted in the absence of platelets. It seemed therefore that when platelets were present in plasma during clotting, some acidlabile (10 min.) phosphorus and part of the lipid phosphorus became associated with the residue in such a way that they could no longer be extracted by trichloroacetic acid or by chloroform-methanol.
The total number of experiments made to investigate these changes was nine. In the first three, pig plasma was used and clotting was allowed to go on at 370 for 1 hr. before trichloroacetic acid was added. In two of these experiments the changes were qualitatively similar to those which have just been described; in the third the changes were so small as to be within the error of the methods used to extract phosphorus and to determine it.
In six experiments human plasma was used. In three, the changes were all similar to those which have been described. In the other three, the decreases of 10 min. phosphorus and of lipid phosphorus were also found, but no determinations were made of changes of phosphorus in the residue. The magnitude of the changes observed varied from one experiment to another.
Evidence that the decrease in extractable lipid phosphoru8 occurred mostly in the plasma
The question arose whether the decrease in extractable lipid phosphorus occurred in the platelets or in the plasma, or in both. The procedure used to answer this question is exemplified by the following experiment.
Pig plasma (120 ml.) containing 4-7 x 108 platelets/ml. was dialysed for 20 hr. against phosphatefree Krebs-Ringer bicarbonate solution. After dialysis the volume of the plasma was 128 ml. A sample was analysed for total phosphorus.
A volume (50 ml.) of dialysed plasma was centrifuged and the sediment of platelets extracted. The supernatant plasma, poor in platelets, and 50 ml. of dialysed plasma rich in platelets were incubated and made to clot. After 30 min. the clots and sera were separated. This took about 30 min. more, so that the time from the addition of calcium to the addition of trichloroacetic acid was about 1 hr. The clots and sera were extracted separately.
It is known that when platelet-rich plasma clots, the platelets become entangled in the clot and sediment with the clot on centrifuging. Therefore the amount of phosphorus left in the platelets after clotting was: phosphorus found in the clot formed in platelet-rich plasma minus phosphorus found in the clot formed in platelet-poor plasma. The difference between this value and phosphorus in the platelets before clotting represented phosphosus lost from platelets during clotting. Table 8 shows the concentration of phosphorus in the extracts and residues of platelets, clots and sera. The results are expressed as ,umg. atoms of phosphorus corresponding either to 1 ml. of dialysed plasma or to the platelets which were present in 1 ml. of dialysed plasma. The gains and losses of phosphorus by platelets and sera are represented by the columns of Fig. 3 .
The results were as follows: (1) Almost as much acid-soluble phosphorus was lost by the platelets as was gained by the serum. This was reasonable in view of results already mentioned, which suggested that although some ATP phosphorus was transferred to the residue, if clotting continued for more than 30 min. as it did in this experiment, this phosphorus once more became acid-soluble. (2) Platelets neither gained nor lost extractable lipid phosphorus, whereas the plasma lost a great deal. (3) Platelets lost a little phosphorus associated with the residue, and the residue of the plasma (or serum) gained very much more. The conclusion was that during clotting a considerable amount of lipid phosphorus in the plasma became attached Vol. 68 701 G. V. R. BORN to the residue in the serum in such a way that it could no longer be extracted by chloroformmethanol. Moreover, since the increase in residue phosphorus occurred in the serum and not in the clot, the lipid phosphorus had apparently attached itself to a serum protein other than fibrin or other proteins associated with fibrin in the clot.
Other experiments of this kind confirmed these conclusions. However, in two of them part of the extra phosphorus which became associated with the residue of the serum was derived from lipid phosphorus in the platelets. The results of one experiment, in which undialysed plasma was allowed to clot for 15 min., are given in Table 9 . The recoveries of phosphorus were good, and by comparing the figures for the fractions of plateletrich plasma with those of platelet-free plasma, the following conclusions could be drawn. (Born, 1956a) and the problem arose whether any particular functions could be assigned to platelet ATP which might be relevant to the physiological functions of platelets.
One line of evidence suggests that ATP may be concerned in the accumulation and retention of 5-hydroxytryptamine and adrenaline by platelets Bom & Hornykiewicz, 1957; Born & Gillson, 1957) . The observation that the onset of clotting in platelet-rich plasma brings about the rapid disappearance of ATP from the platelets raised the possibility that platelet ATP might also have a function in the process of blood clotting.
The results presented in this paper suggest that, when clotting begins in platelet-rich plasma, each mole ofATP in the platelets loses more than 1 mole but not more than 2 moles of phosphate and that this phosphate becomes temporarily attached to the residue which is left after plasma has been thoroughly extracted with trichloroacetic acid and 
